Background: Proteolytic enzymes have been implicated in the pathogenesis of Multiple Sclerosis (MS) for both their ability to degrade myelin proteins and for their presence in MS plaques.In this study we investigated whether interferon-beta (IFNb) could differently modulate the activity and the expression of proteolytic activities against myelin basic protein (MBP) present in lipopolysaccharide (LPS)-activated astrocytes.
Introduction
There is accumulating evidence that different classes of proteinases and their endogenous inhibitors can contribute to the pathogenesis of multiple sclerosis (MS), a chronic inflammatory disease of the central nervous system (CNS) characterized by breakdown of the blood brain barrier (BBB), infiltration of inflammatory cells into the CNS and demyelination [1] [2] [3] .
Intracellular and extracellular proteolytic enzymes such as calpains and matrix metalloproteinases (MMPs) participate in demyelination, axon injury, apoptosis, and development of the inflammatory response including immune cell activation and extravasation, cytokine and chemokine activation/inactivation, complement activation and epitope spreading.
Calpains are a family of calcium-dependent cystein proteinases which degrade a wide variety of cytoskeletal, membrane associated and regulatory proteins. There are two major isoforms: calpain I (CANP-1) (m-form) and calpain II (CANP-2 (m-form), which are ubiquously distributed and differ in their calcium requirement for activation [4] .
Calpains are tightly regulated by the specific endogenous inhibitor calpastatin, which binds to the pro-enzyme. Calpains are upregulated by cytokines, and the presence of these proteinases in inflammatory cells suggests that their activation may be one of the several pathways leading to autoimmune demyelination in course of MS [5] . Different studies have indicated the involvment of calpains in the process of myelin degradation for both their ability to degrade myelin proteins such as myelin basic protein (MBP) and for their presence, at increased levels, in MS plaques of MS patients [2, 6, 7] . The source of increased calpain activity has been attributed to infiltrating inflammatory cells, activated microglia and reactive astrocytes [8, 9] .
Despite calpains have been extensively studied over the past three decades, the pathophysiological roles of these enzymes remain poorly defined. In addition, although calpains have been indicated as target for treating acute neurodegenerative disorders such as brain ischemia [10] , sparse data are available on the effect of MS therapy on calpain expression and activity.
By contrast, most of the studies performed in these last years focused on MMPs, extracellular enzymes involved in the remodelling of extracellular matrix (ECM), which have received great attention as mediators of inflammation and demyelination [11, 12] . Several reports have demonstrated the increase of gelatinase B (MMP-9) in brain tissue, cerebrospinal fluid (CSF) and blood circulation of patients with relapsing-remitting (RR)-MS [13] [14] [15] [16] suggesting that this enzyme can contribute to BBB opening and demyelination. The involvement of MMP, and in particular of MMP-9, in demyelination is also suggested by the ability of this enzyme to degrade MBP in vivo and in vitro [17] [18] [19] . It has been demonstrated that the treatment of MS patients with interferon-beta (IFN-b) reduces MMP-9 serum levels and restores the integrity of the barrier [20, 21] . Proteolysis by MMPs is balanced by endogenous tissue inhibitors of MMPs (TIMPs), which bind to MMPs forming a complex which inactivates the enzyme. Serum and CSF levels of TIMP-1 decrease in RR-MS patients [15] , while IFN-b treatment increases serum levels of TIMP-1 in RR-MS patients [22] .
On the basis of these considerations in the present paper we investigated the presence of MBP-cleaving proteolytic activity in lipopolysaccharide (LPS)-activated astrocytes and demonstrated the increase of different proteolytic activities in cell lysates and supernatants and their inhibition by IFN-b. By using zymography we identified CANP-2 as the main proteolytic activity present in cell lysates, while only gelatinases A (MMP-2) and B were released in cell culture supernatants. We also studied whether IFN-b could differently modulate the expression of CANP-2, MMP-2 and MMP-9 in relation to their natural tissue inhibitors in LPSactivated astrocytes, demonstrating a higher responsiveness of the calpain/calpastatin system to IFN-b in comparison with the MMP/TIMP system.
Materials and Methods

Reagents
Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), penicillin and streptomycin, Trypsin/EDTA and TAE buffer were obtained from GIBCO (Paisley, Scotland). Gelatin, DNase 1, poly-L-lysine (PLL), trypsin, lipopolysaccharide (LPS), Trypan Blue, bovine serum albumin (BSA), casein, 1,10 phenanthroline (PA), phenilmethylsulfonyl fluoride (PMSF), iodacetic acid (IA), E-64, EDTA, were provided by Sigma (St. Louis, MO, USA.). IFN-b was from R&D Systems (Minneapolis, MN) Standard proteins and R-250 Coomassie Brilliant Blue were purchased from Bio-Rad (Hercules, CA, USA).
Anti glial fibrillary acidic protein (GFAP) antibodies and calpain II standard were purchased from Calbiochem (La Jolla, CA). Purified MMP-2 and MMP-9 were purchased from Alexis Biochemicals (San Diego, CA, USA). The MMP-9 was derived from human neutrophil granulocytes and thus also contained covalent MMP-9-NGAL complex. Primer pairs specific for MMP-2, MMP-9. calpain-II, TIMP-1, TIMP-2, calpastatin and GAPDH were from Sigma Genosys (Cambridge, UK). RNeasy mini kit was from Qiagen (Valencia, CA, USA). All the reagents for the RT-PCR were from Invitrogen (San Diego, CA).
Ethics Statement
All experimental procedures involving animals were carried out in strict accordance with the recommendations in the NIH Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of University of Bari, Italy (Permit Number: 23-98-A). All efforts were made to minimize the number of animals used and to ameliorate their suffering.
Preparation of astrocyte cultures
Astrocytes were prepared from primary cell cultures of neocortical tissues from 1-day-old rats as described by Nakajima et al. [23] . Briefly, brains were cleaned of meninges and blood vessels and the dissected neocortical tissues were minced by passage through a stainless steel mesh (40 mesh) and incubated with 0.25% trypsin and 0.01% DNase in DMEM for 10 min at 37uC. After addition of fetal bovine serum (FBS), the dissociated cells were passed through a 100 mesh and viability of cells was assessed by Trypan Blue dye exclusion. Cells were plated in poly-L-lysine (PLL)-coated flasks (75 cm 2 ) at a density of 1.5610 7 viable cells/flask in DMEM, 100 U/ml penicillin/100 mg/ml streptomycin, 10% FBS and maintained at 37uC in a 5% CO 2 incubator with a renewal of medium twice a week. After 7-10 days in culture, microglia and oligodendrocytes were separated from astrocytes by mechanical dislodging and then the astrocytes were obtained by trypsinization with 0.25% trypsin/0.02% EDTA) [24] . Astrocytes were purified by three repetitions of replating and trypsinization to deplete cultures of microglia and oligodendrocytes. The purity of the final cell culture was assessed by immunostaining for glial fibrillary acidic protein (GFAP) using a polyclonal anti-GFAP antibody. More than 98% of the cells were GFAPpositive in all the preparations.
Treatment of astrocytes with IFN-b
Confluent cultures of astrocytes, plated in 96-well-plates, were washed twice with serum-free DMEM, activated with LPS (10 mg/ ml) and simultaneously treated with a recombinant rat IFN-b at the final concentrations of 50, 100 and 500 U/ml. The incubations were performed for 24 h at 37uC in 100 ml of serum-free DMEM. At the end of the incubation period the culture medium was Table1. Rat primer sequences used in RT-PCR. collected and cells were lysed with a buffer containing 50 mM Hepes, pH 7.6, 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, 5 mM EGTA, 10 mM 2-mercaptoethanol, 0.1 mM phenilmethylsulfonyl fluoride (all from Sigma). After centrifugation to remove particulate debris, lysates and cell culture supernatants were stored at 280uC until use. Cells from other wells were subjected to total RNA extraction for RT-PCR analysis. Controls consisted of lysates and supernatants from unstimulated and untreated astrocytes (negative control) and LPS-activated cells (positive control).
Detection of MBP-cleaving proteolytic activity
For the assessment of MBP-cleaving proteolytic activity, 10 mg of bovine MBP, prepared according to Deibler et al. [25] were incubated with different amounts of cell culture supernatant or lysate and brought to a final volume of 100 ml with 50 mM TrisHCl (pH 7.5). The reaction was initiated by the addition of the substrate MBP. After incubation at 37uC for 1-24 h the reaction was stopped by the addition of 1 ml of cold acetone (Sigma). After 1 h incubation at 220uC, samples were centrifuged, resuspended in 10 ml of loading buffer and subjected to SDS-PAGE in 15% acrylamide thick slab gels. After setting the right conditions, all the experiments were performed by incubating 10 mg of MBP with 30 ml of cell lysate or 50 ml of supernatant for 24 h at 37uC. In each test, as controls, MBP was incubated without culture supernatant or lysate (MBP control) or with culture supernatant or lysate from unstimulated astrocytes (CTRL). In another set of experiments cell culture supernatants or lysates from LPSactivated astrocytes were incubated with 10 mg of bovine serum albumin (BSA) in the same experimental conditions used for the incubation with MBP.
To investigate the nature of the proteolytic activity on MBP, 30 ml of cell lysate or 50 ml of supernatant from LPS-activated astrocytes were incubated with 10 mg of MBP in the presence of different proteinase inhibitors. Proteins stained with Coomassie brilliant blue R-250 were quantified, after scanning densitometry of gels, by using the IMAGE Master 1D program (Pharmacia Biotech, Uppsala, Sweden) and proteinase activity was expressed as percentage of not degraded MBP compared to MBP control.
Separation and analysis of CANP-2 activity
Calpain activity in cell culture supernatants and lysates was detected by casein zymography using a protocol described by Croall et al. [26] . Briefly, casein (0.2%, w/v) was copolimerized with 12% (w/v) acrylamide, 0.32% (w/v) bisacrylamide, 35 mM Hepes and 43 mM imidazole (pH 7.4) and poured into minigel casts. A pH 7.4 buffer composed of 35 mM Hepes and 43 mM imidazole, as described by McLellan [27] , was used for a continuos buffer system within the gel and for electrophoresis. Thirty ml of lysates or culture supernatant corresponding to about 15 mg and 3 mg of proteins, respectively, were supplemented with 5 ml of sample buffer (150 mM Tris-HCl (pH 6.8), 30% glycerol, 2 mM 2-mercaptoethanol, 0.004% (w/v) bromophenol blue) and were run on nondenaturing conditions. Electrophoresis was performed at 4uC with a 45 min pre-run at 125 V and then at 125 V for approximately 3 h. After electrophoresis, calpain activity was developed by incubating the gels in 20 mM Tris-HCl (pH 7.4), 10 mM dithyothreitol (DTT), 4 mM CaCl 2 at room temperature with slow shaking for 60 min (with two changes of developing buffer), followed by an overnight incubation (14-18 h) in the same buffer at room temperature. Gels were then stained with Coomassie Brillant Blue R-250 and destained in methanol/acetic acid/water. Calpain activity was detected as a white band on a blue background and was identified by colocalization on the zymogram with standard CANP-2.
For the quantitation of calpain levels, gels were subjected to scanning densitometry and image analysis using the IMAGE Master 1D program (Pharmacia Biotech, Uppsala, Sweden).
CANP-2 levels were expressed as optical density (OD) 6 mm 2 , representing the scanning area under the curves which takes into account both brightness and width of the substrate lysis zone.
Detection of gelatinases by zymography
Gelatinases in cell culture supernatants were detected by gelatin-zymography as described in Liuzzi et al. [28] .
Briefly, 50 ml of culture supernatant was supplemented with 30 ml of electrophoresis loading buffer containing SDS. Samples were then separated in a 7.5% polyacrylamide gel copolymerized with 0.1% (w/v) gelatin. Stacking gels contained 5.4% polyacrylamide. Electrophoresis was performed at 4uC for approximately 18 h at 80 V. After electrophoresis, gels were washed for 2620 min in 2.5% (w/v) Triton X-100/ 10 mM CaCl 2 in 50 mM Tris-HCl, pH 7.4 (washing buffer) in order to remove SDS, then incubated for 24 h at 37uC in 1% (w/v) Triton X-100/ 50 mM Tris-HCl/ 10 mM CaCl 2 , pH 7.4 (developing buffer).
For the development of enzyme activity, the gels were stained with Coomassie brilliant blue R-250 and destained in methanol/ acetic acid/H 2 O. Gelatinase activity was detected by densitometrical analysis of gels as described above.
Total RNA isolation and reverse transcriptase-polymerase chain reaction (RT-PCR)
Total cellular RNA was isolated from astrocytes using an RNeasy mini kit according to the manufacturer's instructions. RNA was ethanol-precipitated, resuspended in RNase-free water and its quantity and purity was determined spectrophotometrically at 260-280 nm. RNA samples were stored at 270uC until use. Heat-denatured RNA (5-10 mg) was used for cDNA synthesis in a total volume of 20 ml at 42uC for 50 min using 5x first strand synthesis buffer, 0.5 mM of each deoxynucleotide triphosphate (dNTP), 500 ng of random primers, 10 mM DTT and 200 units of reverse transcriptase. The cDNA (5 ml) was used in each reaction for amplification of one message at a time by the polymerase chain reaction (PCR) with rat primers specifically designed for the genes of interest (Table 1) . For specific amplification, Taq DNA Polymerase was used in all RT-PCR experiments performed in a thermal cycler (PTC-100 Programmable Thermac Controller, MJ Research, Inc) using the following program: one cycle of denaturation at 94uC for 4 min; 25 cycles including template denaturation at 94uC for 1 min, templateprimer annealing for 1 min, at 59uC for MMP-2, MMP-9 and GAPDH, at 57uC for TIMP-1, at 60uC for TIMP-2 and 50uC for CANP-2 and calpastatin, and primer extension at 72uC for 1 min; one cycle of extension of all nascent DNA at 72uC for 6 min. The RT-PCR product (10 ml) from each reaction tube was resolved on a 1.5% agarose gel by electrophoresis at 2 V/cm in TAE buffer, pH 8.3 buffer and visualized by ethidium bromide staining. Gels were then photographed and processed for densitometric analysis as described for protein gels. Standard molecular size markers, negative control (PCR mix without sample cDNA) and positive controls were included in each PCR assay.
The mRNA expression of each target gene was normalized to that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which served as an internal control.
Statistical analysis
Data from at least three different experiments were used for statistical analysis. Values were compared using one-way analysis of variance (ANOVA) followed by the post-hoc Student NewmanKeuls test for multiple comparisons. Statistical significance was considered relevant for p values ,0.05. Data were analyzed by the GraphPad Prism 5.0 (GraphPad Software, San Diego, CA).
Results
Degradation of purified MBP by proteolytic activities present in astrocyte lysates and supernatants
Astrocyte lysates and supernatants were tested for the presence of MBP-degrading proteolytic activity. As shown in Figure 1 , degradation of MBP was observed when this protein was incubated with lysates from LPS-activated astrocytes in the presence of increasing concentrations of calcium (A). The degradation of MBP yielded fragments which were identified as MBP degradation products by immunoblotting analysis using a monoclonal anti-MBP antibody (data not shown). No degradation of MBP was observed when the protein was incubated with the same lysate from LPS-activated astrocytes after heat inactivation for 10 min at 100uC or with the lysate from nonactivated control cells (CTRL) (B). As shown in Figure 1B the proteolytic activity present in LPS-activated astrocytes did not degrade BSA, indicating a substrate specificity towards MBP. The degradation of MBP significantly increased with increasing amounts of lysate (C) and was also dependent on the reaction time (D). These results indicate that LPS-activation of astrocytes induces MBP-cleaving, calcium-dependent, heat-sensitive pro- teolytic activities. Similar results were found when MBP was incubated with cell culture supernatants from LPS-activated astrocytes (data not shown).
Characterization of MBP-cleaving proteolytic activities
In order to better characterize the MBP-degrading activities, lysates and supernatants from LPS-activated astrocytes were incubated with MBP in the presence of various protease inhibitors specific for different types of proteinases. As shown in Figure 2 none of the inhibitors, used alone, was effective in completely blocking the MBP degradation in both cell lysates (A) and supernatants (B), whereas MBP degradation was blocked when a pool of proteinase inhibitors was used, indicating that cell lysates and supernatants from LPS-activated astrocytes contained different types of myelin-cleaving proteolytic activities. Degradation of MBP in cell lysates was largely due to cystein proteinases, as shown by the reduction of MBP degradation by the cystein proteinase inhibitors E-64 and iodoacetic acid (IA). Indeed, these inhibitors substantially inhibited MBP degradation of 80% and 79% respectively.
By contrast, PMSF, a serine proteinase inhibitor, EDTA and 1,10 phenantrolin (PA), two metalloproteinase inhibitors, were no effective in inhibiting MBP degradation in cell lysates. On the contrary, in cell supernatants EDTA and PA inhibited MBP degradation of 50% and 65% respectively, indicating that MMPs were the dominant contributors to MBP degradation in cell culture supernatants.
Inhibition of myelin-cleaving proteolytic activities by IFNb
To test the effect of IFN-b on MBP-cleaving proteolytic activities present in LPS-activated lysates and supernatants, in another set of experiments astrocytes were activated with LPS and simultaneously treated with increasing doses of IFN-b. As shown in Figure 3 , IFN-b treatment induced a dose-dependent inhibition of MBP degradation in both lysates (A) and super- Figure 4 . Effect of IFN-b treatment on CANP-2, MMP-2 and MMP-9 levels and activity. Primary astrocytes (1610 5 cells/ml), incubated in serum-free DMEM, were treated with IFN-b at the indicated concentrations (U/ml) in the presence of LPS (10 mg/ml). After 24 h of incubation cell lysates and supernatants were prepared and subjected to casein-(A) or gelatin-zymography (B). The negative control (CTRL) was represented by nonactivated and untreated cells. CANP-2 present in lysates was identified by comigration with 0.5 mg of CANP-2 standard. MMP-2 and MMP-9 were identified by their apparent molecular mass of 67 and 92 kDa, respectively, using pre-stained molecular weight markers (Bio Rad). Histograms show the quantitation of CANP-2, MMP-2 and MMP-9 levels, expressed as optical density (OD) 6 mm 2 , calculated after scanning densitometry and computerized analysis of gels. Results represent the mean 6 SD of three separate experiments performed with different cell populations. Statistically significant values different from positive control, represented by lysates or supernatants from LPS-activated astrocytes (LPS), are indicated with * (One-way Anova followed by Student -Newman -Keuls post hoc test; *P,0.05; **P,0.005). The effect of IFN-b on CANP-2 or MMP-2 and MMP-9 activity was also evaluated in a cell-free system. Purified standard CANP-2 (0.5 mg) was subjected to casein-zymography (C). Purified standard MMP-2 (0.35 mg) and MMP-9 (0.88 mg) were subjected to gelatin-zymography. After the SDS-electrophoretic run, gels were cut in slices and each slice was incubated overnight, at room temperature, in the incubation medium (20 mM Tris-HCl, 10 mM DTT, 4 mM CaCl 2 , pH 7.4) in the absence (Control) or in the presence of IFN-b (500 U/ml). E-64 (20 mM), IA (10 mM) or PA (4 mM) were used as positive controls. Staining and destaining of the gels revealed that IFN-b was not able to inhibit the activity of CANP-2 as well as MMP-2 and MMP-9 as already observed for E-64 and IA or PA. The percentages of inhibition, calculated in comparison to control, are reported in the lower part of Figure 4C and D. doi:10.1371/journal.pone.0049656.g004 natants (B). The inhibitory effect of IFN-b was comparable to that obtained by using the pool of proteinase inhibitors, as shown in Figure 2 .
Detection of CANP-2, MMP-2 and MMP-9 levels by zimographic analysis and inhibitory effect of IFN-b
Zymographic analysis on casein-or gelatin-copolymerized gels was performed to further characterize the MBP-cleaving proteolytic activities present in astrocyte supernatants and lysates and to study the effect of IFN-b. As reported in Figure 4A , in astrocyte lysates a band of digestion of approximately 100 kDa was observed on gels, identified as CANP-2 by co-migration with a standard CANP-2. CANP-2 levels were significantly increased in LPS-activated lysates in comparison to unstimulated lysates (CTRL). By contrast, the treatment with IFN-b induced a dosedependent inhibition of CANP-2 levels in lysates from LPSactivated astrocytes. No bands of digestion were detected when cell culture supernatants were analyzed on casein-copolymerized gels (data not shown). As reported in Figure 4B , the zymographic analysis on gelatin-copolymerized gels indicated that the main proteolytic activities present in cell supernatants were represented by MMP-2 and MMP-9, which were also dose-dependently inhibited by IFN-b. MMP-2 and MMP-9 were not detectable in astrocyte lysates as observed by the zymographic analysis using gelatin-copolimerized gels (data not shown). Results from multiple experiments with different cell populations are reported in the histograms.
We also tested the ability of IFN-b to inhibit CANP-2, MMP-2 and MMP-9 activity by using an in vitro assay. For these experiments, aliquots of a standard preparation of CANP-2 were separated by casein-zymography (C) while standard preparations of MMP-2 and MMP-9 were separated by gelatin-zymography (D). After the run, the zymograms were cut in lanes and the lanes were incubated in developing buffer in the absence (control) or in the presence of IFN-b at the final concentration of 500 U/ ml. As positive control, the casein zymograms were incubated in the presence of 20 mM E-64 or 10 mM IA, while the gelatin zymograms were incubated in the presence of PA. As shown in Figure 4C and 4D, IFN-b did not exert any direct inhibition on the enzymatic activity of CANP-2, MMP-2 and MMP-9. By contrast, E-64 and IA, two inhibitors of CANP-2 which were able to substantially inhibit MBP degradation by astrocyte lysates, partially blocked the activity of CANP-2 (C), whereas PA, a specific inhibitor of MMPs, completely inhibited the activity of both MMP-2 and MMP-9 (D). The percentages of in vitro inhibition of CANP-2, MMP-2 and MMP-9 activity in comparison to control are reported in the lower part of Fig. 4C and 4D. Effect of IFN-b on mRNA expression of MMP-2/TIMP-2, MMP-9/TIMP-1, CANP-2/calpastatin in LPS-activated astrocytes.
We also evaluated the effect of IFN-b on the mRNA expression of CANP-2 and its natural inhibitor calpastatin as well as of MMP-9 and MMP-2 in relation to their natural inhibitors TIMP-1 and TIMP-2, respectively. RT-PCR analysis indicated that LPS significantly induced the expression of MMP-2, MMP-9 as well as of TIMP-1. The treatment with IFN-b dose-dependently inhibited the expression of both MMP-9 and MMP-2, as well as of TIMP-1 and TIMP-2 in LPS-treated astrocytes (Figure 5A-B) . A distinct expression profile was observed for the system CANP-2/ calpastatin. In fact, LPS was able to up-regulate CANP-2 mRNA but was ineffective on calpastatin mRNA. Similarly, while CANP-2 expression was dose-dependently inhibited by IFN-b in LPSactivated astrocytes, the expression of calpastatin was not affected by IFN-b treatment ( Figure 5C ).
We also calculated the ratio of enzyme/inhibitor mRNA expression which provides a more comprehensive way to look at the global proteolytic balance. As shown in Figure 5D in LPSactivated cells we observed a statistically significant increase of the ratio enzyme/inhibitor mRNA expression that is more pronounced for the CANP-2/calpastatin system than for the MMP/ TIMP systems. By contrast, since calpastatin expression was not regulated, the inhibitory effect of IFN-b treatment was more relevant on CANP-2 than on MMPs.
Discussion
Multiple sclerosis is an autoimmune disease characterized by the invasion of reactive T cells into the CNS. Once in the brain parenchyma, these cells activate the resident cells such as astrocytes and microglia, inducing them to release myelinotoxic factors [29] [30] [31] . The activation of glial cells leads to the production of intracellular and extracellular proteinases that may be responsible for the degradation of the proteins of the myelin sheath. Given the importance of myelin basic protein (MBP) in the compaction of myelin, its release from the sheath and the degradation within the CNS may have relevant importance in the pathogenesis of MS. Therefore, the identification of the proteinases responsible for myelin damage could be useful to find new therapeutic strategies in demyelinating diseases such as MS. The block of these proteinases may contribute to the clinical improvements of MS patients. In this study, by using an experimental model successfully utilized in other studies [28, 32, 33] we have investigated whether the activation of astrocytes with LPS may induce the production of MBP-cleaving proteolytic activities in culture supernatants and cell lysates.
Our results indicate that LPS-activated astrocytes produce both intracellular and extracellular proteolytic activities that are calcium-dependent, heat-sensitive and specific for MBP. The use of specific proteinase inhibitors suggested that the nature of these proteinases was different. Indeed, the predominant extracellular proteolytic activities released in cell supernatants were represented by metalloproteinases (MMPs) as suggested by the finding that PA and EDTA, two inhibitors of metalloproteinases, are the most effective in blocking MBP degradation by cell supernatants. In addition, the incubation of cell supernatants with MBP produces MBP-specific degradation fragments which could correspond to the ''remnant epitopes'' of MBP after digestion with MMP-9, already described by other authors [34] . Furthermore, in our laboratory we have already demonstrated that the activation of both astrocytes and microglia by LPS induces the release of MMP-2 and MMP-9 and their inhibition by IFN-b [28] . Intracellular proteinases present in cell lysates were inhibited by inhibitors of cysteine proteinases suggesting the presence of calpains. This hypothesis was confirmed by the casein-zymographic analysis of cell lysates which showed the presence of CANP-2 that was induced by LPS and inhibited by IFN-b. In this respect, it should be noted that despite the therapeutic impact of IFN-b in reducing clinical relapses and MRI activity and the recognized role of calpains in the pathogenesis of MS, the information on the potential of IFN-b in modulating calpains are limited. Recent studies have suggested that the inhibition of calpains by synthetic inhibitors is effective in attenuating clinical symptomps of experimental allergic encephalomyelitis (EAE) by reducing inflammation, axonal damage and neuronal loss 36] . Our study, therefore, expands these investigations demonstrating that IFN-b, the main drug used for the treatment of MS patients, exerts inhibitory activity on calpains.
One interesting result of this study is represented by the experimental evidence that IFN-b was able to completely block the degradation of MBP in both supernatants and cell lysates with the same efficiency of a cocktail of inhibitors of the different classes of proteinases indicating that IFN-b as single drug may be able to inhibit different proteolytic enzymes active towards myelin.
Both calpains and MMPs are enzymes involved in the pathogenesis of MS. Their involvement in mechanisms of BBB disruption and myelin degradation are supported by different experimental evidences. Therefore, blocking these proteinases may inhibit multiple pathways linked to disability.
The balance between enzymes and their inhibitors is an important regulatory factor in vivo since it determines the net activity of the enzymes and regulates their action in both physiological and pathological conditions. The activity of both calpains and MMPs is regulated at different levels. Posttranscriptional regulation of MMPs includes their secretion as latent enzymes and proenzyme activation in the extracellular milieu by different proteinases. Inhibition of MMP activation and proteolytic activity in the extracellular milieu is controlled by a unique family of natural tissue inhibitors (TIMPs) which form with active MMPs stable, non-covalent enzyme-inhibitor complexes [37] . Similarly, calpains are regulated in vivo by their endogenous inhibitor calpastatin, which binds to the pro-enzyme preventing its activation.
Therefore, it is important to determine the effect of IFN-b not only on the enzymes but rather on the system enzyme/inhibitor, in order to evaluate its effect on the enzyme that is free from the binding with the inhibitor and therefore active. In this respect, in a previous paper it has already been shown in other cell types that IFN-beta modulates the protein level ratios of MMP/TIMP [38] .
In this paper we demonstrated that IFN-b inhibited in a dosedependent manner the mRNA expression of MMP-9 and MMP-2, as well as of their natural inhibitors TIMP-1 and TIMP-2. Differently, IFN-b dose-dependently inhibited CANP-2 mRNA, but had no effect on calpastatin mRNA. Therefore, following IFNb treatment, the ratio CANP-2 mRNA/calpastatin mRNA tends to decrease more than the ratio MMP mRNA/TIMP mRNA. Considering the importance that the ratio CANP/calpastatin plays in regulating CANP activation and the contribution of calpains to the development of MS, this result is extremely important since it may suggest that IFN-b may also act by counteracting the increase of CANP/calpastatin ratio. Hovewer, the significant reduction of MMP-2/TIMP-2 and MMP-9/TIMP-1 ratios suggests that the inhibitory effects of IFN-b on MMP-2 and MMP-9 mRNA expression may also play a role in preventing MBP degradation.
We can hypotize that the in vivo effect of IFN-b on CANP-2 and MMPs, produced by activated astrocytes or induced by pro-inflammatory cytokines, may contribute to reduce the amplification of inflammation and the subsequent axonal damage. Indeed, the degradation of MBP by MMPs and calpains would make the myelin sheath unstable and prone to lose its structural integrity and this, in turn, would make axons more susceptible to neurotoxic factors. The contribution of the intracellular enzyme CANP-2 to the degradation of MBP in vivo may be explained considering that in course of MS, activated astrocytes can undergo apoptosis [39, 40] and this would allow to CANP-2 to be released and come in contact with MBP produced by oligodendrocytes.
Studies in animal models of neuroinflammatory diseases have indicated that the expression of calpains increases with the severity of the disease, suggesting that the onset and severity of clinical symptoms could be related to this proteolytic activity [41] . In addition, since the astrocytic processes are localized at the level of blood-brain barrier, the inhibitory effect of IFN-b on calpains could prevent the further entry of inflammatory cells from peripheral blood into the CNS reducing demyelination and axonal injury.
Recent developments in TIMP research suggest that the activation of glial cells with pro-inflammatory cytokines and LPS results in an increased expression of TIMP-1, probably as a regulatory mechanism to control the activation of MMP-9 in inflammatory sites [37, 42] . Studies aimed at investigating the effect of IFN-b on TIMP levels have shown an increase in serum TIMP-1 following IFN-b treatment of patients [22] . Based on our knowledge, there are no studies establishing the effect of IFN-b on LPS-activated astrocytes. In our experimental system, the reduced expression of TIMP-1 and TIMP-2, following treatment with IFNb may represent a compensatory mechanism to control the excessive production of TIMP, which often is related with the occurrence of fibrotic processes [43] . This result is consistent with the demonstration that antiretroviral drugs reduce TIMP-1 levels in LPS-activated astrocytes [33] . However, how the inhibition of MMP and TIMP-1 expression by IFN-b might affect in vivo the ratio MMP/TIMP remains to be established.
Conclusions
In this study we provided evidence that the activation of rat astrocytes with LPS induces the activity and the expression of different types of MBP-cleaving proteolytic activities which were identified as calpain II (CANP-2) and gelatinases A (MMP-2) and B (MMP-9). These proteinases and their endogenous inhibitors were differently inhibited by IFN-b, which is particularly effective in inhibiting CANP-2.
These results support further the hypothesis that the neuroinflammatory damage during MS involves altered balance between multiple proteinases and their inhibitors and indicate that IFN-b is effective in regulating different enzymatic systems involved in MS pathogenesis. The inhibitory effect of IFN-b on the different proteolytic systems of MMP and calpains could represent a mechanism by which IFN-b may counteract demyelination and therefore decrease the development of new lesions in the course of MS.
